A Compact Linear Collider prototype traveling-wave accelerator structure fabricated at Tsinghua University was recently high-gradient tested at the High Energy Accelerator Research Organization (KEK). This X-band structure showed good high-gradient performance of up to 100 MV=m and obtained a breakdown rate of 1.27 × 10 −8 per pulse per meter at a pulse length of 250 ns. This performance was similar to that of previous structures tested at KEK and the test facility at the European Organization for Nuclear Research (CERN), thereby validating the assembly and bonding of the fabricated structure. Phenomena related to vacuum breakdown were investigated and are discussed in the present study. Evaluation of the breakdown timing revealed a special type of breakdown occurring in the immediately succeeding pulse after a usual breakdown. These breakdowns tended to occur at the beginning of the rf pulse, whereas usual breakdowns were uniformly distributed in the rf pulse. The high-gradient test was conducted under the international collaboration research program among Tsinghua University, CERN, and KEK.
I. INTRODUCTION
One of the highest priorities for the compact linear collider (CLIC) collaboration has been the development of high-gradient accelerating structures for the CLIC main linac [1] . The CLIC-G design, with waveguide damping, is the baseline for the CLIC main linac. Alternatives, such as choke-mode damped structure and detuned damped structure, are also being investigated [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Tsinghua University has been collaborating with CERN and KEK to assess the feasibility of X-band high-gradient accelerating structures not only for the CLIC project but also for the X-band XFELs and Thomson scattering sources. A structure based on previously tested CLIC prototype design was built and tested to implement high-gradient X-band technology at Tsinghua University to enable future developments. This structure allows the direct comparison of high-gradient performance and consequent validation of the fabrication technology. For this test, a structure called T24_THU_#1 was chosen for the initial study on highgradient research [12] . The nomenclature "T24" refers to a standardized CLIC high-gradient test structure design. The T24 design has the same number of cells (i.e., 24) , iris geometry, and iris tapering (i.e., "T" in the name) as the CLIC baseline design, i.e., CLIC-G [2, 3] , but does not include the damping waveguides. The comparison of "T" and "TD," those with damping waveguides, allow high-field effects to occur in the iris and damping waveguide regions to be disentangled. Tests of an earlier series of test structures, i.e., T18 and TD18, have been reported previously [2, 13] .
"THU" means that the structure was fabricated at Tsinghua University. The version discussed in this study operates at 11.424 GHz. The structure parameters of CLIC-G and T24 are summarized in Table I , and further details about the rf design can be found in Refs. [3, 14, 15] . The modified Poynting vector, which is expressed as S c , was reported in Ref. [16] .
The high-gradient test reported here started on October 22, 2014 and ended on July 4, 2015 and was conducted in the New X-band Test Facility (Nextef) at KEK. Nextef [17] began operation in 2006, reusing equipment from Global Linear Collider Test Accelerator (GLCTA) [18] . Nextef provides up to 100 MW for X-band accelerating structure studies.
CLIC high-gradient specifications are a loaded acceleration gradient of 100 MV=m, a pulse width of 250 ns, and a breakdown rate (BDR) of less than 10 −7 per pulse per meter [1, 12, 19] . Previously tested prototype accelerating structures have achieved unloaded gradients in excess of 100 MV=m and as high as 120 MV=m in a test of an undamped structure [20, 21] .
The major limitation to the achievable gradient in roomtemperature accelerators is rf breakdown. Significant progress has been made in recent years in understanding the underlying physics of vacuum breakdown [16, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] , but many open questions still remain. Well-controlled and documented high-gradient experiments are essential for increasing understanding of the phenomenon. During the high-gradient test described in this report, which extended over eight months, various measurements related to rf breakdown, such as the BDR, breakdown timing, and distribution of the longitudinal positions of the rf breakdowns along the structure length, were conducted. The measurements and new insights are presented in this report. This test was also aimed at verifying the assembling and bonding technology of the CLIC accelerator structures at Tsinghua University.
II. FABRICATION, LOW-POWER RF TESTS, AND PREPARATION OF THE PROTOTYPE
The disks and the coupler parts of the prototype were machined by the company VDL [34] . The parts were cleaned, etched, and bonded following procedures that are based on Global Linear Collider (GLC) fabricating technology [35, 36] . The procedures included degreasing, cleaning by deionized water, and etching by hydrochloric acid liquor. In the preparation of the assembly of the prototype, the Tsinghua equipment and fabrication procedures were validated by bonding and mechanically measuring a test assembly that consisted of three cells. The CLIC baseline diffusion bonding procedure was used, which includes applying 0.1 MPa pressure during bonding. The quality of the bonding joint was verified by cutting the assembly after bonding and confirming that grains crossed the bonding plane [37] .
After successful completion of the bonding tests, the individual parts of the prototype were diffusion bonded in a hydrogen furnace at Tsinghua University, as shown in Fig. 1 . Diffusion bonding of the main cell stack was performed at 1040°C [20] . The coupler parts and flanges were gold brazed to the main cell stack. Radio frequency measurements of the reflection coefficient were conducted before and after diffusion bonding. The resonant frequencies did not change. Then, tuning was performed in nitrogen flow at 25°C. The structure was tuned to 11.424 GHz at the working temperature of 30°C, which is the standard cooling water temperature at Nextef. The tuning results are shown in Fig. 2 .
Vacuum baking was performed in Tsinghua University. This step differed from the CLIC baseline procedure because of the temperature limitation in the vacuum furnace available at Tsinghua University. Vacuum baking was performed at 500°C for five days rather than the nominal baking parameters for CLIC structures, which is 650°C for seven days [7, 13] . The structure was sealed by blind flanges with metallic gaskets, and the vacuum was pumped independently from the furnace during baking. The structure was kept under vacuum after baking by sealing with a valve and was shipped to KEK under vacuum. Notably, the stainless-steel flanges turned light green after the gold brazing process. Water leakage into the furnace is speculated to cause this phenomenon. The effect will be investigated further.
The installation in Nextef was built by KEK staff following the standard KEK procedure [20] , as shown in Fig. 3 . Nitrogen gas flow from inside to outside the structure was maintained by overpressure during the opening of any part.
III. HIGH-POWER TEST

A. Test stand
The pulsed rf power of Nextef is produced by combining two X-band periodic permanent magnet focused klystrons and is capable of reaching 100 MW with a repetition rate of 50 Hz. The model of the klystron is E3768I provided by Toshiba. The pulse width is varied during the conditioning and testing processes. Measurements at the end of the test with 252 ns pulse width were conducted to allow direct comparison with the test results of other CLIC prototype structures. The high rf power is transferred into a concrete bunker where the test cavity is located. The forward, reflected, and transmitted powers are monitored by the directional couplers and used for breakdown detection in the operation system. The experimental setup is shown in Fig. 4 . More details about the Nextef facility can be found in Refs. [17, 20] .
B. Conditioning strategy
Conditioning is the process of gradually improving the structure surface and gradient holding capability through the application of rf [22] . The conditioning operation was started with the rf power of the order of hundreds of kilowatts and the shortest pulse width of 51 ns, which were progressively increased to the nominal peak power and the pulse width. The pulse width was kept constant for extended periods, and the power was ramped by a step, which ranged from 0.1 to 0.4 MW, until it exceeded the nominal maximum unloaded accelerating gradient of E acc ¼ 100 MV=m. The pulse width was lengthened in approximately 50 ns steps. Then, input rf power was ramped from a few hundred kilowatts again for the new pulse width. The entire operation was divided into several tens of "runs" to keep the data file size below a reasonable level for easy handling. Each conditioning and measurement run usually lasted for a few hundred hours.
Diagnostics used in the experiment include three directional couplers to monitor the input, reflected, and transmitted rf signals and two Faraday cups to collect upstream and downstream dark currents during rf conditioning. These signals were monitored pulse by pulse for breakdown detection [17, 38, 39] . Normal rf pulse signal and typical breakdown signal are shown in Fig. 5 . The interlock system inhibited the subsequent pulse when any jump in reflected rf signal or Faraday cup was detected. Then, the system paused for several tens of seconds before the subsequent rf pulse, which is sufficiently long to allow the gas pressure to recover and to save the waveforms. These interlock events might indicate a breakdown event and were checked during offline data analysis [20] . The system reduced the rf power by approximately 5% after breakdown detection and ramped the power up again by increasing 0.2 MW over a period of 20 s.
From the analysis of the breakdown time sequence, two types of breakdown events, i.e., normal breakdown (NL-BD), which occurred after operation over many pulses without breakdown, and "following-pulse breakdown" (FP-BD), which occurred at the first pulse following the breakdown pulse, were observed. The FP-BDs were triggered at the lower gradient than the previous breakdown because operation was restarted at a 5% lower power level than the previous operational value. Similar sequences of follow-up breakdown events, such as "spitfest" and "chain breakdowns," have been reported in Refs. [24, 40, 41] . Given that FP-BDs occurred at a lower power level than the initial breakdown, they are not used in this study for the evaluation of the breakdown number and BDR, unless explicitly stated otherwise. The unique characteristics of the FP-BDs will be discussed subsequently in this work.
IV. TEST RESULTS
A. Conditioning history of the prototype
The summary of the conditioning history is shown in Fig. 6 . The blue, green, and red points represent E acc , the pulse width of rf power, and the accumulated number of breakdowns, respectively, as a function of the number of pulses. The E acc value was recorded at every interlock event, including BD and non-BD interlocks (which can be generated by the stopping operation manually). The dots that fall below the envelope of E acc correspond to interlocks occurring during the power ramping stage after the previous breakdown. The total rf-on time was approximately 3600 h, during which time 6.47 × 10 8 rf pulses occurred.
B. BDR evaluation
Dedicated runs, which were employed to evaluate the evolution of the BDR, were conducted 15 times during the course of the experiment. These runs provide key information of the conditioning process and the high-gradient status of the structure. The status is given by the achieved accelerating gradient and the BDR, which is the number of breakdowns per pulse normalized to the length of the structure [1=ðpulse mÞ]. Input power was kept constant in the BDR runs, during the period of operation time when BDR was being evaluated. By counting the breakdown events that occurred in the given period of rf-on time, the BDR was calculated by dividing the number of breakdowns by the number of pulses. Figure 7 shows the BDR measurement result. The 15 BDR measurement runs were conducted in several pulse lengths and field levels. The error bar of the BDR is only statistical and is defined by Formula (1):
where ERR BDR is the error of the BDR and Num BD is the number of breakdowns in the BDR measurement. The relative error bars of the low BDR points are high because only a small number of breakdown events occurred even in the long runs. BDR is strongly dependent on E acc and rf pulse width. The dependencies that have been observed in many CLIC prototype structures are reported in Ref. [16] and can be approximated with the following relation:
where E acc is the unloaded accelerating gradient and τ is the rf pulse width. Through this scaling law, the BDR can be normalized to 100 MV=m and 250 ns to obtain the normalized BDR (BDR Ã ) using the following formula:
which is easily deduced from Eq. (2) [42] . The results of BDR Ã , which decreases as the number of rf pulses increases, are shown in Fig. 8 . Figure 8 is obtained by replotting the BDR measurement result shown in Fig. 7 as a function of pulse number. The decreasing nature of BDR Ã (red line in Fig. 8 ) is fitted by an exponential function of the number of rf pulses:
where n is the number of rf pulses and N e is defined as the rf pulse evolution factor. This test obtained an rf pulse evolution factor of 5.22 × 10 7 , which is similar to those of the previously tested structures [20] .
As expressed in Eq. (2), BDR is strongly dependent on E acc , which is the 30th power of E acc . BDR is measured at different E acc values to determine its dependence. However, this process requires lengthy runs when the BDR is fairly low, such that the measurement at a given E acc would cost more than 100 rf-on hours. During the time between the BDR measurements at different E acc values, additional conditioning of the structure occurs and affects the BDR dependence on E acc . The analysis showed that the rf pulse evolution factor presented previously was applied to compensate for the effect on E acc dependence, as shown in Fig. 9 . The solid symbols denote the raw BDRs obtained from the experimental data, whereas the hollow symbols denote calculated BDRs obtained by applying the rf pulse evolution factor. In the case of 412 ns, the BDR FIG. 7. BDR versus E acc measured at different rf-on times and pulse widths. The numbers beside the symbols are the integrated operation period in hours since the beginning of the conditioning process until the time of the BDR measurement. 
h. Therefore, the BDR of the subsequent measurement can be scaled to that of the previous measurement by multiplying the factor of expð2.74 × 10
7 =N e Þ obtained from Eq. (4). Thus, the raw BDRs denoted as solid circles in Fig. 9 were corrected to open circles to estimate the BDR dependence on E acc at the time of 2735 rf-on hours, as shown in Fig. 9 . In the figure, the BDR dependence on E acc showed a similar power index if this evolution factor is applied to eliminate the time-dependent effect. This practical procedure is employed to analyze the BDR dependency on E acc at the low BDR case.
The high-gradient status after conditioning of the present structure was 110.2 MV=m at a BDR of 1.26 × 10 −6 1=ðpulse mÞ and a pulse width of 252 ns. This status is equivalent to an estimated BDR of 1.27 × 10 −8 1=ðpulse mÞ at 100 MV=m with the pulse width required by the CLIC standard by applying the scaling law [2, 20] . This achievement ensures that the fabrication technology of Tsinghua University is good enough to proceed with further studies on X-band test structures for CLIC. The achieved gradient is approximately 10 MV=m lower than the gradient of 120 MV=m at the BDR of the order of 10 −6 1=ðpulse mÞ and the pulse width of 252 ns obtained in a previous test of a T24 structure at KEK [26] . Improvements to better structure fabrication will be investigated.
C. Breakdown timing analysis
The breakdown timing is the time delay between the beginning of the rf pulse and when the breakdown occurs, which is t 2 shown in Fig. 5 . When the structure is operated at a pulse width of 252 ns, the delay can thus range from 0 to 252 ns. The beginning of the collapse of transmitted power was used to obtain the breakdown timing for the subsequent analysis. If no memory effect is observed (in other words, no accumulated surface modifications that eventually lead to a breakdown from one pulse to the subsequent pulse), then the observed τ 5 BDR versus pulse width dependence would require that breakdowns be more frequent toward the end of the pulse. The breakdown timing distribution was investigated carefully to evaluate whether the trigger mechanism has such a memory effect.
Histograms of the breakdown timing for two types of rf breakdowns, i.e., NL-BD and FP-BD, are shown in Fig. 10 . The pulse length in these tests was 252 ns. These tests include all of the periods operating at the pulse width of 252 ns, as shown in Fig. 6 , including the period from the pulse number 2.57 × 10 8 to 4.52 × 10 8 and from the pulse number 5.36 × 10 8 to 6.47 × 10 8 . Figure 10 shows that the NL-BD events distribute uniformly over the rf pulse. This finding indicates that a memory effect exists and the pulse length of previous pulses affects only the BDR dependence on τ, but not the timing distribution within the pulse width.
The figure also shows that, in the FP-BDs, the events peak at the beginning of the rf pulse, quickly decay until 50 ns later, and gradually decrease toward the end of the pulse. Given that the FP-BDs occur at the beginning of the pulse in a lower field level, FP-BDs can be speculated to be caused by surface features, e.g., copper splashes, created by the previous breakdowns. Figure 11 shows the breakup of the same distribution shown in Fig. 10 into three successive running periods to evaluate the evolution of the timing distribution. The distributions were observed to be the same, i.e., showing no evolution. The same phenomena were observed not only in the 252 ns operation but also in other pulse widths.
D. Breakdown cell location
Once a breakdown occurs, incident power is reflected back to the power source and transmission is suppressed, as shown in Fig. 5 . This method can be used to calculate the breakdown position and corresponding breakdown cell, with a resolution of approximately one or two structure cells [43] . This technique has been reported in previous studies and references therein [44, 45] . The breakdown position distribution in the structure provides important information, which helps in determining the status of the structure during the high-power test. A "hot spot," which dominates the BDR, can occur in a specified cell, e.g., a feature emerges, which increases the BDR locally. No hot spots were observed in the present structure, as shown in Fig. 12 , although a broad increase toward the end of the structure occurred. The distributions of the field profiles, including unloaded gradient, maximum surface electric field, maximum magnetic field, maximum modified Poynting vector, and maximum pulse temperature rise are shown in Fig. 13 . No obvious relationship between the distributions of the field profiles and the rf breakdown locations was observed, such that the origin of the broad and high BDR region is not understood.
From the two types of breakdowns, i.e., NL-BD and FPBDs, having quite different distributions in breakdown timing, the breakdown cell location was analyzed further. The breakdown cell location of the FP-BDs in run 36, which was an operation period at 252 ns, is shown in Fig. 14. As shown in Fig. 14(a) , the FP-BDs occurred uniformly along the structure. By contrast, as shown in Fig. 14(c) , the breakdown timing had a sharp peak at the beginning of the pulse. The cell shift is introduced and defined as the breakdown cell difference between the current FP-BD and the breakdown in the previous pulse. The measured distribution of cell shift shown in Fig. 14 13 . Distribution of the rf parameters along the structure cells at average unloaded gradient of 100 MV=m (red: accelerating gradient; blue: pulse temperature rise; green: maximum surface electric field; cyan: maximum surface magnetic field; magenta: maximum modified Poynting vector [15] ). indicates that FP-BDs occur near the previous breakdowns. This phenomenon was also observed in other runs.
E. Comparison with other CLIC prototype structures
In this section, the high-power test results of T24_THU_ #1 were compared from various points of view with other CLIC prototype structures tested in Nextef. The testing times are shown in Table II to evaluate the statistical significances of data points from different tests. In Table II , "D" refers to damped structure and "R05" refers to corner radius of 0.5 mm [2] .
The structures shown in Table II were all made in collaboration among CERN, KEK, and SLAC. The rf design was made by CERN, and the mechanical design and fabrication of parts were performed by KEK. Details about the design and fabrication of these structures can be found in Refs. [2, 13] . The chemical polishing of the parts, the assembly with diffusion bonding and brazing followed by tuning, and the final vacuum baking were performed by SLAC [20] . The high-power tests were conducted at Nextef [21] . The manufacturing flow of T24_THU_#1 was different, as stated in Sec. II.
Normalized gradient
From the dependencies of the BDR on E acc and pulse width, the normalized E acc (E acc Ã ) can be defined as [42] 
This parameter can be used to compare the experimental data of the two T24 structures, i.e., T24_THU_#1 and T24_#3, because the electrical designs of these two structures are exactly the same. The breakdown events occurring during the power ramping stage following the previous breakdown are discarded to derive the envelope of normalized E acc to obtain the increasing trend of the normalized E acc . The omitted points are kept for other analyses, such as the counting of such breakdowns for temporal BDR estimation.
First, the structures were compared by plotting the normalized E acc against the rf pulse number, as shown in Fig. 15 . The normalized E acc of T24_THU_#1 smoothly and continuously increased compared with the E acc curve shown in Fig. 6 . The normalization equation [Eq. (5)] links all of the different pulse width operations together, and the resulting smooth curve indicates that the structure was conditioned in a smooth manner. In the first comparison plot, T24_#3 has a faster ramping speed at the beginning and a higher normalized E acc in the final stage. However, T24_THU_#1 required more rf-on time to reach the same level as T24_#3.
Second, these two structures were compared by plotting the normalized E acc against the breakdown number shown in Fig. 16 . In contrast to the first comparison, the two curves shown in Fig. 16 vary significantly. T24_THU_#1 accumulates many more breakdowns to reach the same normalized E acc as T24_#3, indicating that T24_THU_#1 has a higher BDR during the conditioning process.
Reference [42] points out that the conditioning state improves with the number of rf pulses, but not with the number of breakdowns, and the data from this structure broadly support this observation. A large divergence is observed in the plot of the normalized E acc versus the accumulated breakdowns. T24_#3 has a faster conditioning speed in the plot of the normalized E acc versus the rf pulses. However, the two curves shown in Fig. 15 are approximately similar to each other. This finding is consistent with the conclusion reached in Ref. [42] . The difference of the conditioning speed is speculated to be caused by the differences in machining, assembly, and baking. However, an unknown factor limits the highest normalized E acc of T24_THU_#1 in the final stage and should be further investigated.
Breakdown timing
The four structures described previously were analyzed to determine whether the breakdown timing feature observed in T24_THU_#1 was reproduced in other tests. Figures 17, 18, 19, 20 show the breakdown timing distributions of these structures. The number of breakdowns at 252 ns pulse width operation of the four structures are presented in Table III . The same feature that NL-BDs have a uniform distribution in the pulse, whereas the FPBDs have a high breakdown probability at the beginning of the rf pulse was observed in all cases.
V. DISCUSSION
The origin of the two types of distributions is considered. Conditioning is a process that modifies the cavity surface using the rf fields [22] . One explanation for the occurrence of a breakdown at a particular place is the presence of a protrusion, which results in field enhancement leading to enhanced electron emission. The emission currents lead to the breakdown. Such emitters "tips" are melted by the breakdown plasma. The resulting features, often called craters, look like splashes and have new protrusions, which may have a higher field enhancement factor than the original feature and become new emitters. Thus, the subsequent rf pulse power should be reduced by the control algorithm. Experimental and theoretical studies on both pulsed dc and rf indicate that there might be a limit value which is constant and depends only on the electrode material for the local field [23, 46, 47] . Once the local field goes beyond this limit, the breakdown will be triggered. The local field at the new emitter may exceed the breakdown limit at the beginning of the subsequent rf pulse and trigger the FP-BD. T24_#3  210  176  TD24_#4  1477  811  TD24R05_#2  392  113  TD24R05_#4  425  166 VI. CONCLUSION An X-band 24-cell CLIC prototype traveling-wave accelerator structure called T24_THU_#1 has been successfully fabricated at Tsinghua University. A high-power test was conducted at the Nextef facility in KEK, and the test demonstrated that the structure can operate at 110.2 MV=m at a BDR of 1.26 × 10 −6 1=ðpulse mÞ and a pulse width of 252 ns. The fabrication capability of Tsinghua University for X-band high-gradient structures has been validated by comparing the results with previously tested CLIC prototype structures. The high-power performance of T24_THU_#1 was within 10% in the gradient of a previously tested structure of an identical rf design, indicating that the fabrication quality was approximately the same, but a certain margin of improvement still remains. A second T24 structure will be built by Tsinghua University to determine whether the fabrication quality can be improved, and the same operation and analysis will be applied to compare structures and further validate the results presented here.
An rf pulse evolution constant of the order of 10 7 was observed from the conditioning rate of the structure and other CLIC prototype structures tested in Nextef. The rf pulse evolution constant can be applied to compensate for the conditioning effect in the analysis of the BDR dependence on E acc , resulting in the simple behavior of the BDR as a function of the accelerating gradient. Different features of two types of breakdowns, i.e., NL-BDs and FP-BDs, were observed during the experiment. The breakdown timing distribution of NL-BDs is uniform, whereas that of FP-BDs peaked at the beginning of the rf pulse. The feature left behind previous breakdown, which has a higher field enhancement, is speculated to be one of the trigger sources of the FP-BD occurring at the beginning of the rf pulse because it exceeded the local field limitation.
